Class-switch recombination (CSR) is a DNA deletional-recombination event in the immunoglobulin heavy-chain locus (Igh) of mature B cells whereby exons encoding the default constant µ-chain (C µ ) are excised to juxtapose a new C-gene segment (for example, C γ , C ε or C α ) downstream of the rearranged variable (V) region to produce immunoglobulin G (IgG), IgE or IgA 1 . CSR proceeds through the generation of DNA double-stranded breaks (DSBs) in switch (S) sequences that precede each constant heavy-chain (C H ) gene and is completed by end-joining between donor and acceptor S regions. CSR is a multistep reaction that requires transcription through S regions, the DNA cytidine deaminase AID 2,3 and the participation of several general DNA-repair pathways, including base-excision repair (BER), mismatch repair (MMR) and nonhomologous end-joining (NHEJ) 1 .
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Phosphorylation of AID at Ser38 has emerged as a major mechanism by which CSR is regulated. Mice with a knock-in mutation of the gene encoding AID (Aicda) that results in replacement of the serine at position 38 with alanine (Aicda S38A/S38A mice) have severe defects in CSR 15, 16 . Ser38 lies within a consensus site for phosphorylation by protein kinase A (PKA) [16] [17] [18] , and hypomorphic mutations in the gene encoding PKA reduce the phosphorylation of AID at Ser38 and substantially impair CSR 19 . Additionally, PKA associates with S regions during CSR, which suggests that PKA is recruited to S regions to induce phosphorylation of AID at Ser38, which consequently activates the CSR reaction cascade 19 . The concerted recruitment of PKA and AID to S regions provides a mechanism whereby multiple molecules of AID can be synchronously activated to introduce a high density of DNA breaks in S regions, which are required for CSR 19 . While compelling, such a regulatory process would require an as-yetundescribed trigger that would induce the phosphorylation of AID molecules bound to S regions. In this study, we identified a positive feedback loop wherein DNA breaks induced the phosphorylation of AID at Ser38 and subsequent binding of APE1, which accentuated the formation of DNA breaks at S regions and amplification of AID phosphorylation through a pathway dependent on the DNA-damage sensor ATM.
RESULTS
Deaminase-inactive S region-bound AID is unphosphorylated AID phosphorylated at Ser38 (p-Ser38-AID; also called 'phosphorylated AID' here) acquires the ability to interact with replication protein A (RPA) 17, 20 . RPA participates in many aspects of DNA metabolism, including DNA replication, the DNA-damage checkpoint and all major forms of DNA repair (such as BER and DSB repair). In B cells undergoing CSR, RPA binds to transcribed S regions in a manner dependent on p-Ser38-AID [19] [20] [21] [22] . We initially sought to determine if the interaction of RPA with p-Ser38-AID was sufficient for RPA to stably bind S regions or if the DNA-binding ability of RPA was stabilized by AID-dependent DNA deamination, which would be consistent with the well-defined ability of RPA to bind single-stranded DNA during DNA repair 23 .
We used a previously characterized catalytically inactive AID mutant, AID(DM), that has two mutations (encoding the substitutions H56R and E58Q) in the deaminase domain of AID 24, 25 . We introduced AID(DM) into AID-deficient splenic B cells through retroviral transduction. As controls, we reconstituted AID-deficient B cells with empty vector or with vector encoding wild-type AID (AID(WT)) or the phosphorylation-site mutant AID(S38A). We stimulated the transduced B cells with lipopolysaccharide (LPS) and interleukin 4 (IL-4) to induce CSR to IgG1. As expected, AID(S38A) was approximately 15-25% as active as AID(WT) in restoring CSR, and AID(DM) did not restore CSR frequency over what we observed for the cells transduced with the empty vector control ( Supplementary  Fig. 1a) . Immunoblot analysis showed that the different AID proteins had equivalent expression in transduced B cells ( Supplementary  Fig. 1b) . Furthermore, AID(DM) retained the ability to bind to RPA in a PKA-dependent fashion (Supplementary Fig. 1c,d) . Thus, AID(DM) was equivalent to AID(WT) in its ability to be a PKA substrate and to interact with RPA in vitro.
To assess the binding of RPA to S regions in the absence of DNA deamination, we used chromatin immunoprecipitation (ChIP) with antibody to RPA (anti-RPA) to precipitate DNA-protein complexes from splenic B cells expressing various forms of AID and stimulated with LPS plus IL-4 ( Fig. 1) . For this ChIP we also used anti-AID, anti-histone H3 as a positive control, and nonspecific IgG to compensate for background immunoprecipitation. We analyzed the DNAprotein complexes recovered after ChIP for the recombining S regions S µ and S γ 1 ( Fig. 1) and for sequences not generally targeted by AID in B cells stimulated to undergo CSR (C γ 1 and Trp53) ( Supplementary  Fig. 2 ). As reported before 19, 21 , we readily detected RPA bound to S regions in a p-Ser38-AID-dependent manner. In contrast, in cells expressing AID(DM), the binding of RPA to S regions was substantially reduced, even though AID(DM) was as competent as AID(WT) in binding both S µ and S γ 1 (Fig. 1) . Overall, these results demonstrated that in B cells expressing catalytically inactive AID, RPA binding to activated S regions was markedly impaired.
The defect in the binding of RPA to S-region DNA in cells expressing AID(DM) was similar to that observed in AID(S38A) cells (Fig. 1) . That observation prompted us to investigate whether AID(DM) bound to DNA was phosphorylated at Ser38. For this, we did ChIP with an antibody specific for p-Ser38-AID 19 . The antibody detected AID(WT) or AID(DM) phosphorylated in vitro with PKA but did not detect AID(S38A) (Supplementary Fig. 3 ). We observed that in contrast to AID(WT), AID(DM) was poorly phosphorylated when bound to transcribed S regions (Fig. 1) . The binding of PKA to S regions was similar for cells expressing AID(WT) and those expressing AID(DM) Figure 1 Catalytically inactive AID bound to S regions is not efficiently phosphorylated. ChIP and quantitative PCR analysis of Aicda −/− B cells retrovirally infected to express empty vector (EV) or vector encoding AID(WT), AID(S38A) or AID(DM) and stimulated for 3 d with LPS plus IL-4, assessing the abundance of histone H3, AID, p-Ser38-AID or RPA (horizontal axis) at S µ or S γ 1 (key), presented as relative units (RU) calculated as follows: normalization of the cycling threshold (Ct) of DNA obtained by ChIP with a specific antibody to that of input DNA, followed by calculation of the inverse of that normalized Ct and subtraction of the 'IgG preclear' value (inverse of the normalized Ct for ChIP with IgG) from the value obtained for the ChIP with a specific antibody (inverse of the normalized Ct). *P < 0.01 and **P < 0.008, results for p-Ser38-AID or RPA in cells expressing AID(WT) versus those in cells expressing AID(DM) (paired, two-tailed Student's t-test). Data represent three independent experiments (mean and s.d.). Supplementary Fig. 4 ), which indicated that the diminished phosphorylation of AID(DM) was not due to altered binding of PKA to S regions. Thus, even though AID(DM) was a PKA substrate in vitro, this mutant AID protein was not efficiently phosphorylated when bound to S regions in vivo. These data suggested that the phosphorylation of AID at Ser38 and subsequent recruitment of RPA to S regions was dependent on either DNA deamination or the processing of deaminated residues into DNA breaks.
DNA breaks induce phosphorylation of AID bound to S regions
To determine whether DNA breaks at S regions were able to induce phosphorylation of AID, we investigated whether artificially generated DSBs in cells expressing AID(DM) were able to promote its phosphorylation. We retrovirally transduced AID-deficient splenic B cells with AID(WT), AID(DM), AID(S38A) or the empty vector control, activated them as described above, treated them with 10 Gy of ionizing radiation and then analyzed them by ChIP (Fig. 2a) . Ionizing radiation induced the formation of genome-wide DSBs, which was evident in the AID-independent binding of RPA to all genomic sequences analyzed (S µ , S γ 1, C γ 1 and Trp53; Fig. 2a and Supplementary Fig. 2 ). Treatment with ionizing radiation did not affect the binding of AID proteins to S regions or the phosphorylation of AID(WT) bound to S regions ( Figs. 1 and 2a) . However, in contrast to what we observed for cells that were not irradiated ( Fig. 1) , ionizing radiation markedly enhanced the phosphorylation of AID(DM) bound to S-region DNA (Fig. 2a) . The amount of p-Ser38-AID(DM) bound to S µ and S γ 1 was similar to that observed for p-Ser38-AID(WT). We also observed the ionizing radiation-dependent increase in the phosphorylation of AID(DM) at Ser38 and the subsequent binding of RPA in an analogous assay in which we immunoprecipitated p-Ser38-AID from lysates of AID-deficient (Aicda −/− ) B cells retrovirally infected as described above and analyzed immunoprecipitates by immunoblot with anti-AID or anti-RPA (Fig. 2b) . Thus, the induction of phosphorylation at Ser38 on deaminase-inactive AID by ionizing radiation treatment suggested that the artificial induction of DNA breaks enhanced the phosphorylation of AID at Ser38. In B cells undergoing CSR, the initial DNA lesion induced by AID is in the form of DNA deamination. Subsequent conversion of the deaminated residues into DSBs requires proteins involved in BER and MMR 5, 26, 27 . To directly determine whether DNA deamination or DSBs induced the phosphorylation of AID, we studied mice deficient in UNG and Msh2 (Ung −/− Msh2 −/− mice) 5 . In Ung −/− Msh2 −/− B cells, AID can induce the deamination of S-region DNA 28 but the deaminated residues are not converted into DNA breaks 27, 29 . Splenic B cells from Ung −/− Msh2 −/− mice stimulated ex vivo with LPS plus IL-4 do not undergo CSR to any appreciable frequency 5 . ChIP experiments showed that the abundance of AID at recombining S regions was equivalent in wild-type, Aicda S38A/S38A and Ung −/− Msh2 −/− B cells; however, the amount of p-Ser38-AID and, consequently, the abundance of RPA at S regions in Ung −/− Msh2 −/− B cells was significantly A r t i c l e s lower than that in wild-type B cells and was similar to that in Aicda S38A/S38A B cells (Fig. 2c) . These results suggested that lesions in the form of DNA deamination were not sufficient to induce the phosphorylation of AID bound to activated S regions; instead, conversion of the deaminated residues into DNA breaks was required for phosphorylation of AID.
To further demonstrate that phosphorylation of AID was induced by DNA breaks at S regions, we assessed AID phosphorylation in B cells heterozygous for deficiency in APE1 and homozygous for deficiency in APE2 (Apex1 +/− Apex2 −/− ). APE1 is the main apurinicapyrimidinic endonuclease in mammalian cells, while APE2 has 3′-to-5′ exonuclease activity with weak endonuclease activity at apurinic-apyrimidinic sites. APE1 is generally believed to cleave the phosphodiester backbone at the apurinic-apyrimidinic sites generated after AID and UNG act at S regions 4, 6, 7 . Apex1-null mutations in mice lead to embryonic death 30 ; however, Apex1 +/− Apex2 −/− mice were viable and had impaired CSR, probably because of defects in DNA-break formation at S regions 6, 31 (Fig. 2d) . Consistent with the ability of DNA breaks to stimulate the phosphorylation of AID, we observed a lower abundance of p-Ser38-AID at transcribed S regions in Apex1 +/− Apex2 −/− B cells than in wild-type cells ( Fig. 2e and  Supplementary Fig. 5 ). Overall, these data suggested that DNA breaks generated at S regions induced phosphorylation of AID at Ser38.
Phosphorylation of AID bound to S regions induces DSB formation
The increased phosphorylation of AID after the formation of DSBs at S regions suggested the existence of a positive feedback loop that amplifies AID phosphorylation and AID-dependent DNA-break formation whereby a few DNA breaks generated by AID in a phosphorylationindependent manner induce AID phosphorylation, which in turn leads to additional breaks. If such a positive feedback loop exists, then Aicda S38A/S38A B cells should display fewer DNA breaks at recombining S regions. To assess that possibility, we stimulated splenic B cells from wild-type, Aicda −/− or Aicda S38A/S38A mice with LPS alone, LPS plus IL-4, or LPS plus interferon-γ, isolated genomic DNA from the cells and detected DSBs at S µ by ligation-mediated PCR (LM-PCR). This assay has been used to demonstrate the presence of DSBs in S regions in stimulated splenic B cells and to assess the requirements for AID, UNG and APE1-APE2 in the formation of such DSBs 6, 11, 27, 29, 32 . We detected significantly fewer DSBs at S µ in Aicda S38A/S38A B cells than in wild-type B cells under all three experimental conditions, and the abundance of DSBs in Aicda S38A/S38A B cells was similar to that in Aicda −/− B cells (Fig. 3 and Supplementary Fig. 6 ). Furthermore, treatment of the genomic DNA with T4 DNA polymerase before linker ligation, which blunts DSBs at staggered overhangs, also resulted in similarly less DSB formation at S µ in Aicda S38A/S38A B cells than in wild-type B cells (Fig. 3 and Supplementary Fig. 6 ).
In a complementary assay, we analyzed colocalization of the Igh locus with phosphorylated γ-H2AX foci, a marker for DSBs, by combined immunofluorescence labeling and fluorescent in situ hybridization (immuno-FISH), which has been used extensively as a measure of AID-initiated DSBs at the Igh locus 10, 33 . We stimulated splenic B cells with anti-CD40 plus IL-4 and evaluated the colocalization of γ-H2AX with Igh FISH signals (Fig. 4a) by determining the frequency of cells with at least one colocalization event (Fig. 4b) . Consistent with the LM-PCR data, significantly fewer Aicda S38A/S38A B cells than wildtype cells had γ-H2AX foci that colocalized with the Igh locus (Fig. 4 and Supplementary Fig. 7) . Thus, both the LM-PCR and immuno-FISH results suggested that Aicda S38A/S38A B cells were impaired in their ability to introduce DSBs at S regions; these results also provided further evidence of the positive feedback loop of AID phosphorylation and DNA-break formation during CSR.
We next investigated the mechanism by which the phosphorylation of AID induced DNA-break formation. On the basis of the results described above for the positive feedback mechanism of AID phosphorylation and DNA-break formation at recombining S regions and published observations showing that phosphorylation of AID at Ser38 does not affect the binding of AID to S regions in vivo or DNA deamination in vitro 19 , we reasoned that phosphorylation of AID might enhance its ability to interact with APE1. To test that possibility, we investigated whether phosphorylated AID was able to interact with APE1 in lysates of Aicda −/− B cells retrovirally reconstituted with hemagglutinin (HA)-Flag-tagged AID constructs or the empty vector control. Proteins immunoprecipitated with anti-HA from cells expressing HA-Flag-tagged AID(WT) were enriched for APE1 in the presence or absence of ionizing radiation (Fig. 5a) . The interaction of wild-type AID with APE1 was dependent on Ser38 and PKA, as the HA-Flag-AID(S38A) mutant did not immunoprecipitate together with APE1 (Fig. 5a) , and AID(WT) ectopically expressed in human embryonic kidney (293T) cells did not interact with APE1 in the absence of phosphorylation by PKA in vitro (Supplementary Fig. 8 ).
With lysates of Aicda −/− B cells retrovirally reconstituted with untagged AID proteins, we confirmed the Ser38-dependent interaction of AID(WT) with APE1 and RPA in samples immunoprecipitated with anti-APE1 (Fig. 5b) or antibody to p-Ser38-AID (Fig. 5c) . APE1 did not interact with RPA in the absence of AID (Fig. 5b) , nor did recombinant, phosphorylated AID interact with APE1 in the presence of purified RPA (Supplementary Fig. 9 ). Consistent with the results obtained by ChIP, which showed that AID(DM) was phosphorylated in the presence of ionizing radiation, AID(DM) interacted with APE1 only after treatment with ionizing radiation (Fig. 5a-c) . Similarly, in Ung −/− Msh2 −/− B cells, which did not have DSBs in S regions, the AID-APE1 interaction was significantly augmented after treatment with ionizing radiation (Fig. 5d) . Treatment of cell extracts with DNase I before immunoprecipitation did not abrogate the AID-APE1 interaction (Fig. 5e) , which suggested that the association was not dependent on DNase I-sensitive DNA. These results suggested that phosphorylation of AID at Ser38 augmented DNA-break formation by recruiting APE1 to S-region DNA.
ATM promotes AID phosphorylation and APE1 binding
We next investigated the mechanism by which DNA breaks at S regions induced the phosphorylation of AID at Ser38. ATM is rapidly activated in response to DSBs and serves a critical role in the cellular response to DSBs by phosphorylating DNA-repair proteins, such as CHK2 and NBS1 (ref. 34) . CSR is significantly impaired in ATM-deficient B cells, and ATM has been proposed to function in the synapsis of recombining S regions 35, 36 . We therefore determined whether ATM was able to activate PKA-mediated phosphorylation of AID in response to DNA breaks. ChIP analysis showed that Atm −/− B cells had a significant reduction in the amount of p-Ser38-AID at S µ and S γ 1 ( Fig. 6a and Supplementary Fig. 10) . Consistent with the possibility of a positive feedback loop for DSB formation and AID phosphorylation, we readily detected the interaction of AID with APE1 in wild-type B cells, but it was significantly attenuated in Atm −/− B cells (Fig. 6b) . The impaired phosphorylation of AID bound to S regions and reduced interaction of AID with APE1 in Atm −/− B cells was not abolished as it was in Aicda −/− and Aicda S38A/S38A B cells (Fig. 6) , which suggested that a compensatory kinase (for example, ATM-kinase related (ATR)) may act in the absence of ATM. Together these results identified an ATM-dependent pathway required for the efficient phosphorylation of AID bound to S regions activated for recombination and for the interaction of AID with APE1. First, what advantage does a positive feedback loop provide to the basic process of CSR? We favor the proposal that CSR requires a high density of DSBs to promote end-joining between DSBs generated at two different distal S regions. Thus, even though AID and PKA assemble at S regions 19 , AID is not efficiently phosphorylated until a DNA break is generated. Once a DNA break is formed, the rapid activation of AID phosphorylation and DSB formation results in the synchronous activation of many molecules of AID bound to an S region. The high density of DSBs in S regions thus generates many broken DNA ends that promote the ligation of distal DSBs, which subverts normal DNA repair. When AID phosphorylation is blocked, as in B cells expressing AID(S38A), or diminished, as in B cells with mutant hypomorphic PKA, the low density of DSBs induced at individual S regions could be resolved as inefficient CSR or as intra-S-region joining in nonproductive recombination 19 . The proposed positive feedback loop requires coordinated recruitment of both AID and PKA to recombining S regions, which may be a regulatory mechanism for limiting AID activity at non-immunoglobulin genes. While AID can bind and deaminate several non-immunoglobulin genes 21, 37 , very few of those lesions would be converted into DSBs in the absence of AID phosphorylation. Thus, the two-tiered mode of AID activation (recruitment to S regions and subsequent phosphorylation by PKA) provides a mechanism with which to generate a high density of DSBs specifically at Igh S regions during CSR while restricting DSB formation at non-immunoglobulin sites. In this context, we speculate that SHM, which does not proceed through DSB intermediates, has no requirement for that positive feedback loop, as low numbers of AID-instigated lesions at V-region genes could be resolved as mutations through engagement of the BER or MMR pathway 4 . However, phosphorylation of AID at Ser38 is still required for it to interact with RPA, which in turn facilitates the binding of AID to V-region genes during SHM 20 .
The second question that arises is the mechanism by which the phosphorylation of AID induces DNA-break formation. Here we found that the interaction of AID with APE1 was dependent on PKA and Ser38. APE1 has been proposed to participate in CSR by cleaving phosphodiester bonds at abasic sites generated after the combined activities of AID and UNG, the latter of which is recruited to S regions by the carboxyl terminus of AID 4, 6, 7, 38 . While APE1 could passively access the abasic sites generated through basal AID activity, APE1 may be actively recruited to the sites of AID-induced deamination through its interaction with p-Ser38-AID, which would facilitate the rapid and efficient conversion of abasic sites into DNA breaks. The phosphorylation-dependent binding of AID to APE1 was not mediated through RPA, as in vitro binding experiments with purified recombinant proteins showed that p-Ser38-AID did not interact with APE1 in the presence of RPA. In addition, APE1 did not bind RPA in the absence of AID. These data suggested that AID bridges the interaction between APE1 and RPA and that the binding of APE1 to AID requires an as-yet-unidentified cofactor. Transcription through S regions during CSR may generate or expose nucleic acid substrates and/or binding sites on AID to mediate the interaction of AID with APE1. Alternatively, other proteins known to interact with AID, such as PTBP2, Spt5, 14-3-3 or the RNA exosome, may function to recruit that protein complex to the transcribed S regions 14 .
Finally, a positive feedback loop of DNA break-induced phosphorylation of AID at Ser38 would suggest that the activity of the AID kinase PKA may be regulated by DSB signaling pathways 19 . The PKA-Cα catalytic subunit has a Ser-Gln sequence at its amino terminus (Ser35), which is a consensus site for phosphorylation by ATM and ATR. We speculate that Ser35 of PKA-Cα could be phosphorylated by ATM or ATR, leading to an enhanced ability to phosphorylate AID at Ser38. Alternatively, ATM or ATR may initiate a signaling cascade to locally increase cAMP concentrations at S regions to activate PKA and facilitate the phosphorylation of AID at Ser38. Consistent with both of those proposals, PKA has been linked to the DNA-damage response to ionizing radiation 39 , and ATR has been proposed to regulate the phosphorylation of PKA substrates in response to DNA damage 40 .
In summary, we have identified a role for ATM in promoting the phosphorylation-dependent interaction between AID and APE1, which ensures that CSR proceeds through the canonical BER pathway that is the main effector of CSR 5 . We propose that ATM-deficient cells do not actively engage BER proteins, especially APE1, to process the G:U mismatch; instead, the MMR pathway, which has a less potent role in CSR 5 , converts the deaminated residues into DNA breaks, which promotes the phosphorylation of AID through an ATR-dependent reaction. In this context, ATR has been shown to interact with the MMR proteins Msh2 and Msh6, which bind to the G:U mismatch 41 . That hypothesis is consistent with our observation that the diminished phosphorylation of AID at S regions in ATM-deficient cells was not as severe as the decrease in the AID-APE1 interaction. Furthermore, ATM deficiency also impairs interactions between S regions 35, 36 and, when combined with a failure to enforce cell-cycle checkpoints at the G1-S transition, leads to the persistence of DSBs that can participate in aberrant chromosomal translocations 42 . Therefore, the AID-APE1-DSB-ATM positive feedback loop generates a threshold number of npg DNA breaks precisely within transcribed S regions and promotes the joining of distal recombining S regions to permit successful CSR while suppressing oncogenic translocations.
METHODS
Methods and any associated references are available in the online version of the paper. 
